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1. Introduction
Succinate:quinone oxidoreductases (SQORs, EC
1.3.5.1 [1^5]) are enzymes that couple the two-elec-
tron oxidation of succinate to fumarate (reaction 1)
to the two-electron reduction of quinone to quinol
(reaction 2):
succinate! fumarate 2H  2e3 1
quinone 2H  2e3 ! quinol 2
They can also catalyse the opposite reaction, the
coupling of quinol oxidation to the reduction of fu-
marate. Depending on the direction of the reaction
catalysed in vivo, the members of the superfamily of
succinate:quinone oxidoreductases can be classi¢ed
as either succinate:quinone reductases (SQR) or qui-
nol:fumarate reductases (QFR) [1]. As emphasized
by several contributors to this Special Issue, it is
currently not possible to predict on the basis of the
sequence whether an SQOR will function in vivo as
an SQR or QFR.
SQR and QFR complexes are anchored in the cy-
toplasmic membranes of eubacteria, archaebacteria,
and in the inner mitochondrial membrane of eucar-
yotes with the hydrophilic domain extending into the
cytoplasm and the mitochondrial matrix, respec-
tively.
SQR (respiratory complex II) is involved in aero-
bic metabolism as part of the citric acid cycle and of
the aerobic respiratory chain (Fig. 1a). QFR partic-
ipates in anaerobic respiration with fumarate as the
terminal electron acceptor (Fig. 1b). This process is
termed fumarate respiration [6]. The enzymology and
energetics of fumarate respiration are discussed in
the contribution by Achim Kro«ger and coauthors
[7]. The electron transport chains in both aerobic
and anaerobic respiration are coupled via an electro-
chemical proton potential to ADP phosphorylation
with inorganic phosphate which is catalysed by ATP
synthase (Fig. 1).
Aerobic and anaerobic bacteria require transport-
ers for uptake, exchange or e¥ux of C4-dicarboxy-
lates such as fumarate and succinate. These trans-
porters are secondary carriers which can be
grouped in di¡erent families. These families, the bio-
chemistry of the transport reactions, and their meta-
bolic functions are described in the contribution by
Gottfried Unden and coauthors [8]. This contribu-
tion also covers the membranous C4-dicarboxylate
sensors which control the synthesis of enzymes for
C4-dicarboxylate metabolism.
2. Classi¢cation of SQORs
Succinate:quinone oxidoreductases generally con-
tain four protein subunits, referred to as A, B, C,
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and D. Subunits A and B are hydrophilic, whereas
subunits C and D are integral membrane proteins.
Among species, subunits A and B have high sequence
homology, while that for the hydrophobic subunits is
much lower. Most of the SQR enzymes of Gram-
positive bacteria and the QFR enzymes from O-pro-
teobacteria contain only one larger hydrophobic
polypeptide (C), which, based on sequence [9,10]
and structure comparisons [11], is thought to have
evolved from a fusion of the genes for the two small-
er subunits C and D. While subunit A harbours the
site of fumarate reduction and succinate oxidation,
the hydrophobic subunit(s) contain the site of quinol
oxidation and quinone reduction.
Based on their hydrophobic domain and haem
content [9,10], succinate:quinone oxidoreductases
can be classi¢ed in ¢ve types (Fig. 2) [12,13]. Type
A enzymes contain two hydrophobic subunits and
two haem groups, e.g. SQR from the archaea Natro-
nomonas pharaonis and Thermoplasma acidophilum.
These ‘classical’ archaeal enzymes are discussed in
the contribution by Gu«nter Scha«fer and coauthors
[14]. Type B enzymes contain one hydrophobic sub-
unit and two haem groups, as is the case for SQR
from the Gram-positive bacteria Paenibacillus mace-
rans and Bacillus subtilis. The latter is covered by Lars
Hederstedt’s contribution [15]. Also of type B are the
QFR enzymes from the O-proteobacteria Campylo-
bacter jejuni, Helicobacter pylori, and Wolinella suc-
cinogenes, as reviewed in the contribution of Roy
Lancaster and Jo«rg Simon [16]. Further type B en-
zymes, Rhodothermus marinus SQR and Desulfovibrio
gigas QFR, are discussed in the contribution by Mi-
guel Teixeira and coauthors [17]. Examples for type
C enzymes, which possess two hydrophobic subunits
and one haem group, are SQR from eucaryotic mi-
tochondria. The SQR from the yeast Saccharomyces
cerevisiae is reviewed by Bernard Lemire and Kayode
Oyedotun [18]. Mutations in the four genes encoding
human SQR have been linked to a wide range of
Fig. 1. Electron £ow and the generation and utilization of a transmembrane electrochemical potential in aerobic respiration (a) and
anaerobic respiration (b). This ¢gure was modi¢ed from [5].
6
Fig. 2. Classi¢cation (A^E) of succinate:quinone oxidoreductases based on their hydrophobic domain and haem content [9,10]. The
¢gure was modi¢ed from [13]. The hydrophilic subunits A and B are drawn schematically in blue and red, respectively, the hydropho-
bic subunits C and D in green. Haem groups are symbolized by yellow rectangles. The directions of the reactions catalysed by SQR
and QFR are indicated by red and blue arrows, respectively. White rectangles symbolize the respective cytoplasmic or inner mitochon-
drial membrane bilayer. The positive (+) and negative (3) sides of the membrane are indicated. In bacteria, the negative side is the
cytoplasm, the positive side the periplasm. For mitochondrial systems, these are the mitochondrial matrix and the intermembrane
space, respectively. The type of quinone transformed in vivo is not necessarily unique for each type of enzyme. The examples given
are thermoplasma quinone (TK), menaquinone (MK), ubiquinone (Q), and caldariella quinone (CQ) [1,5]. See text for further details.
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diseases. Pierre Rustin and Agne's Ro«tig summarize
these in their contribution [19]. The mitochondrial
QFR enzymes from the unicellular malaria parasite
Plasmodium falciparum and from the multi-cellular
parasite Ascaris suum, a nematode, are the focus of
the contribution by Kiyoshi Kita and coauthors [20].
Other examples for type C enzymes are the SQR
enzymes from the proteobacteria Paracoccus denitri-
¢cans, also covered by Lars Hederstedt [15], and Es-
cherichia coli, reviewed by Gary Cecchini and coau-
thors [21]. The QFR of E. coli, also covered by the
latter review, is an example for a type D enzyme,
which contains two hydrophobic subunits and no
haem group. Finally, type E enzymes, such as the
‘non-classical’ archaeal SQRs from Acidianus ambi-
valens [14,17] and Sulfolobus acidocaldarius [14], and
the SQRs from the proteobacterium C. jejuni and the
cyanobacterium Synechocystis also contain no haem,
but have two hydrophobic subunits, SdhE and SdhF
[17]. These are very di¡erent from the other four
types and more similar to those of heterodisulphide
reductase from methanogenic archaea [22]. The phy-
logenetic analyses presented in this issue by Teixeira
and coauthors [17] and by Scha«fer and coauthors [14]
corroborate the above classi¢cation scheme.
3. Prosthetic groups of the hydrophilic subunits
Generally, succinate:quinone oxidoreductases con-
tain three iron-sulphur centres, which are exclusively
bound by the B subunit. Enzyme types A^D contain
one [2Fe-2S]2;1, one [4Fe-4S]2;1, and one [3Fe-
4S]1;0 centre (Fig. 3). A historical account from a
personal perspective of the 30 years of analytical and
spectroscopic studies that led to the assignment of
the number and the composition of the iron-sulphur
centres has been contributed by Helmut Beinert [23].
In the type E enzymes, an additional [4Fe-4S] centre
apparently replaces the [3Fe-4S] centre [24]. The A
subunit of all described membrane-bound succinate:
quinone oxidoreductase complexes contains a cova-
lently bound FAD prosthetic group [25]. The chem-
ical structure of the linkage as 8K-[NO-histidyl]-FAD
was ¢rst established for mammalian SQR [26] and
subsequently for the QFR enzymes of W. succino-
genes [27] and E. coli [28].
4. Crystal structures
The currently available crystal structures of succi-
nate:quinone oxidoreductases are those of two pro-
caryotic quinol:fumarate reductases, both since 1999.
The E. coli QFR, determined at 3.3 Aî (Protein Data
Bank (PDB) entry 1FUM [29]), belongs to the type
D enzymes, and the QFR of W. succinogenes, re¢ned
at 2.2 Aî resolution [11] is of type B. Three structures
of the latter enzyme, based on three di¡erent crystal
forms, are available (PDB entries 1QLA, 1QLB [11],
and 1E7P [30,31]). In this issue, these structures are
covered by the respective reviews [21,16]. In a very
recent development, So Iwata and coauthors [32] re-
port on their progress in the structure determination
Fig. 3. Atomic models of the three iron-sulphur centres bound
by subunit B (brown CK trace) in the crystal structure of W.
succinogenes QFR (PDB coordinate set 1QLA [11]). Atomic
colours are brown for Fe and green for S. In addition, the po-
sitions of the 8K-[NO-histidyl]-FAD bound by subunit A (blue
CK trace) and the proximal haem bP bound by subunit C
(green CK trace) are shown. The ¢gure was prepared with a
modi¢ed [37] version of Molscript [38].
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of the C-type SQR enzyme from E. coli, currently at
4.0 Aî resolution.
Also published in 1999 were the structures of four
soluble homologues of the £avoprotein subunit A.
These single-subunit £avoenzymes, the E. coli L-as-
partate oxidase and the £avocytochromes c3 of She-
wanella frigidomarina and S. putrefaciens [33^36], are
unusual fumarate reductases that are unable to cata-
lyse succinate oxidation and contain non-covalently
rather than covalently bound FAD. In addition, not
all of those residues lining the site of fumarate reduc-
tion which are identical throughout the SQOR super-
family are conserved in these soluble homologues.
These soluble enzymes are not covered in this issue,
which is therefore devoted entirely to succinate:qui-
none oxidoreductases.
5. Conclusion
This Special Issue of Biochimica et Biophysica Acta
Bioenergetics collects together both historical and re-
cent developments, current results, controversies, and
ideas from many of the leading investigators. These
publications will hopefully stimulate further experi-
ments on succinate:quinone oxidoreductases as well
as summarizing the present position to those outside
the immediate ¢eld.
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